INTRODUCTION
Organic precursors found in uterine fluid determine the quality of eggshell, which contains a variety of proteins whose composition varies during the initial, calcification, and terminal phases of eggshell deposition Dominguez-Vera et al., 2000) . Three types of proteins: egg white proteins, bone-related proteins, and proteins, which are thought to be only secreted by the oviduct tissues, are involved in eggshell formation (Gautron et al., 2001) . Some identified proteins expressed at high levels in uterine tissue and concentrated in inner shell membranes are involved in the natural pathogen defense mechanisms of eggs (Gautron et al., 2001) . Other matrix proteins contribute to mechanical properties of eggshell as they contribute to the morphology, growth kinetics, and crystallographic orientation of calcite crystals (Nys et al., 2004) . Changes in uterine fluid constituents at different stages of shell development affect the morphology of calcite grown in vitro, which indicates that these proteins are responsible for the relationship between eggshell structure and mechanical properties of the egg (Dominguez-Vera et al., 2000; Nys et al., 2004) .
Many scientists have worked on problems related to the declining egg quality traits with age, Ca, and vitamin D 3 metabolism and the role of uterine proteins in controlling the ultrastructure of eggshell in commercial chickens. The aim of this study was to observe the potential differences in eggshell quality traits and protein profiles in uterine fluid at different stages of shell development and try to relate these to ultrastructural variations in eggshells of commercial and heritage breeds. Dietary manipulation can provide information on the ability of commercial and heritage breeds to use dietary Ca and vitamin D 3 to maintain eggshell quality especially at the later stages of production.
MATERIALS AND METHODS

Selection of Birds
Two heritage chicken breeds, Fayoumi (FY) and Light Sussex (LS), and 2 commercial laying hen lines, Lohmann LSL-Lite (LL) and Lohmann Brown-Classic (LB), were selected for this study. The FY and LS were hatched from eggs received from the University of Saskatchewan and University of Alberta, respectively. Commercial hens were reared off site under the same environmental conditions and received at 18 wk of age. At 18 wk of age, one bird from each of the 4 genetic backgrounds formed a group that was randomly assigned to 24 cages in the middle tier of a 3-tier stacked battery system.
Each dietary treatment was a combination of 2 levels of vitamin D 3 (2,500 and 200 IU) and 3 levels of Ca (3.35, 4 .10, and 4.85%) given randomly to 4 cages. The birds were fed ad libitum a basal diet containing 4.10% Ca and 2,500 IU of vitamin D 3 throughout the study except during treatment periods. These 6 dietary treatment combinations were offered to the birds in 2 periods of 4 wk at 26 to 29 and 56 to 59 wk of age (Table 1) . The birds were provided feed formulated to LL specifications and water ad libitum. They were subjected to a cycle of 16L:8D and managed as a standard commercial layer flock. The management of birds followed the recommendations of the Canadian Council on Animal Care (1993) Codes of Practice and local Animal Care and Use Committee guidelines. Bird mortality in both experiments was recorded throughout the study, and postmortems were conducted by a veterinary pathologist.
Egg Quality Parameters
Eggs from each bird type were collected from all 24 cages and identified by shell color. Egg quality parameters were measured on eggs from birds at 22 to 59 wk of age in 4-wk intervals. Egg quality measurements included specific gravity (SG) by flotation method (Voisey and Hamilton, 1977) , shell breaking strength (TA.xt Plus, Texture Technologies Corp., New York, NY), egg weight, and albumen height (QCH albumen height gauge, Technical Services and Supplies, York, UK; Silversides and Villeneuve, 1994) . Broken shells were rinsed under tap water and dried for 48 h followed by determination of weight and thickness (micrometer, Mitutoyo IP 65, Aurora, IL). The eggshell percentage was calculated using the following formula: eggshell percentage = [eggshell weight (g)/egg weight (g)] × 100.
Collection of Uterine Fluid at Different Stages of Eggshell Formation
Uterine fluid was collected at 3 different stages of shell formation (initial, active, and terminal stage) from birds aged 29 and 59 wk following dietary treatments. Samples were collected from each bird in all 4 blocks at 3 times of the day to represent initial, growth, and terminal stages of eggshell formation for each dietary treatment and breed. The time of egg lay was recorded before sample collection using colored markers for commercial and heritage breeds when the eggs appeared. The time for the sample collection was selected to synchronize the stages of eggshell formation in different breeds. The lights were turned on at 0400 h and turned off at 1600 h to complete a cycle of 16L:8D. Samples were collected at 1930 h for initial stage, 0230 h for growth stage, and 0530 h for terminal stage which was 6 to 9 h, 18 to 19 h, and 22 to 23 h after oviposition, respectively. A method for fluid collection was developed during preliminary studies. The method for uterine fluid collection was as follows. Swabs (Puritan Medical Products Company LLC, Guilford, ME) were dipped in 0.9% saline, inserted into the everted oviduct of each hen and returned to the saline solution (0.5 mL) in 15-mL centrifuge tubes and kept on ice. The swabs in the saline solution were vortexed for 30 s to release proteins from the swab. The saline rinse samples were transferred to −80°C storage in 2 aliquots as soon as possible after collection to limit any spontaneous precipitation of calcium carbonate and proteins. These samples were freeze-dried completely and rehydrated in 0.1 mL of distilled water to concentrate the proteins in solution. Protein concentration (mg/mL) was determined according to the Lowry method (Biorad DC protein assay) using bovine serum albumin (BSA from Bio-rad) as a protein standard. Then, 50 µL of each sample was diluted 1:1 in SDS-PAGE buffer (Laemmli, 1970 ; 0.5 M Tris-HCl, pH 6.8; 4% SDS; 20% glycerol; 10% β-mercaptoethanol, and 0.5% bromophenol blue) in preparation for electrophoresis.
Analysis of Proteins
Proteins collected in saline from uterine fluid were analyzed in 18% SDS-PAGE gels prepared from 40% acrylamide:bisacrylamide stock (37.5:1; Bio-rad, Hercules, CA). The aliquots of uterine fluid dissolved in sample buffer were heated at 95°C for 5 min and centrifuged. Eighteen micrograms of each protein sample was separated on a gel along with broad range molecular weight standards (Bio-rad) at 190 V of constant voltage. Protein bands were stained using Coomassie brilliant blue r-250 (Bio-rad) in 10% glacial acetic acid and 40% methanol. Destained gels were scanned using a Syngene Bio Imaging System (A Division of Synoptics Ltd., Frederick, MD). The apparent molecular weight for each band was estimated in relation to the molecular weight of standard proteins (Bio-rad) on a Kodak image station 4000MM Pro. The relative protein intensity was expressed as a ratio of intensity of each protein band to the total intensity of bands from a uterine fluid sample. The amount of protein in each band was also calculated in micrograms per milliliter from the relative percentage of each band in a sample and total protein concentration (mg/mL) of all uterine fluid proteins in that sample.
Eggshell Crystalline Structure
Eggshell crystalline structure was analyzed using a scanning electron microscope. Eggs were collected and marked for each breed to measure egg quality in 4-wk intervals. After eggshell weight was recorded, the dried shells were further prepared for ultrastructural analysis using the method described by Fathi et al. (2007) . Two eggshells from each breed/treatment combination were analyzed for 6 dietary treatments at 59 wk of age. The morphological features of eggshell from different breeds were studied from eggs collected from young birds. The specimens were prepared by cutting a piece of shell from the equatorial region of each eggshell. The shell membranes were removed by first soaking the shells in water overnight. The loosely adhering membranes were gently peeled from the edge of the sample inward. To remove the remaining tightly bound membrane fibers, each sample was immersed overnight in 6% sodium hypochlorite, 4.12% sodium chloride, and 0.15% sodium hydroxide. The specimens were rinsed with water and left to dry at room temperature. Prepared samples were then coated with a 15-nm-thick layer of gold in a Hummer VII sputter coater (Anatech Ltd., Alexandria, VA). Coated samples were placed in a Quanta 200 environmental scanning electron microscope (FEI Company, Hillsboro, Or) and observed under high vacuum using a 10 to 15 kV accelerating voltage. Images were captured digitally (greyscale with resolution at 1,024 × 884 pixels).
The inner surface view of eggshells from different breeds was observed to detect ultrastructural variations such as the presence of type A and type B bodies according to information given by Solomon (1991) . The cross-sectional thickness of palisade and mammillary layers was measured in micrometers using scaling software provided with the scanning electron microscope at a magnification of 250×. Total thickness of eggshell for each specimen was measured as the distance from its outermost surface to the point where the basal caps inserted into the shell membranes. The thickness of the mammillary layer was the distance from the basal caps to the point at which the palisade columns first fused. The total thickness minus thickness of the mammillary layer was the thickness of palisade layer or effective thickness (Solomon, 1991) . The diameter of palisade columns was also determined near the mammillary layer. These measurements were used for further statistical analysis. Egg shells were gently attached to stubs using carbon conductive tape (9 mm in diameter). Small pieces of shell were oriented in such a way to observe the layers of each eggshell.
Statistical Analysis
The data for egg quality parameter, ratio of relative intensity of bands, and thickness (µm) of different layers of eggshell for different breeds was analyzed with the PrOC MIXED procedure of SAS version 9.1 (Littell et al., 1996; SAS Institute Inc., 2003) . The repeated measure analysis was performed. The Pearson correlation between uterine proteins and ultrastructural measurements of eggshell layers was determined with SAS 
where Y ijkl is the response variable for the lth replicate of the ith level of factor A (i.e., breeds), jth level of factor B (i.e., dietary treatments) and kth level of factor C (i.e., age). The µ is the overall mean; ρ l is the block effect (l = 1-4), which is random; α i is the effect of ith level of breed (i = 1-4), which is also random; δ il is the whole plot random error effect for ith and lth combination of block and breed; β j is the effect of jth level of dietary treatments; and the effect is random. The (αβ) ij is the interaction effect of levels of breed and dietary treatments, σ k is the effect of age (k = 0-8; i.e., from the 26-to 29-and 56-to 59-wk period), (αβσ) ijk is the 3-way interaction effect of levels of breed, dietary treatments, and age. The ε ijkl is the subplot random error effect associated with the Y ijkl subplot unit.
RESULTS
Egg Quality
Egg quality varied (P < 0.05) among commercial and heritage breeds ( Table 2 ). The commercial breeds had superior egg quality, which reflects the genetic selection for superior egg quality traits as a result of the breeding programs. Commercial breeds differed in eggshell strength, egg weight, albumin height (AH), and eggshell percentage. These traits were superior for LB compared with LL except for AH. There was no difference found in SG, eggshell thickness, and shell weight in commercial breeds. Among heritage breeds, FY had good egg quality traits compared with LS, which was similar to what Fathi et al. (2007) found when they compared FY with another Egyptian local breed Dandarawi. The mean values for SG, eggshell strength, AH, eggshell thickness, and shell percentage were higher in FY than LS, which could be due to the egg size, which was smaller for FY. The SG is used as an effective method to measure eggshell density (Bennett, 1993) , and in LS the low SG was associated with reduced shell thickness; however, there was no such association for FY (Table 2 ). This indicates that LS had a less dense, thinner shell, but FY only had thinner shells than commercial eggs.
Eggshell quality traits deteriorated with age in all breeds. In heritage breeds, the increase in egg weight with age was greater in FY (43%) and LS (28%) compared with LB (15%) and LL (13%). Eggshell weight also increased with age in FY and LB due to increase in egg size, but LL and LS maintained shell weight throughout the experiment. Egg quality traits deteriorated faster for LL and LS compared with the other 2 breeds.
Dietary Ca and vitamin D 3 affected the egg quality traits differently in commercial and heritage breeds. The level of vitamin D 3 in the diet also affected shell thickness, but the effect was more pronounced at the early stage of production (29 wk of age). A 3-way interaction between breed, age, and vitamin D 3 was significant (P < 0.05) due to a different response of LS to vitamin D 3 levels in the diet at 59 wk of age. Lohmann Lite did not show any change in eggshell thickness with dietary manipulation of vitamin D 3 . The eggshell thickness was lower in vitamin D 3 -deficient LB and FY birds. Strangely, eggshell thickness in LS birds was higher (P < 0.05) when fed diets containing 200 IU of vitamin D 3 compared with the control (2,500 IU) at 59 wk of age (Figure 1) . A 2-way interaction between breed and vitamin D 3 was significant (P < 0.005) only due to the different response of LS in contrast to other breeds. For LS, shell percentage was higher in birds fed vitamin D 3 -deficient (200 IU) diets (Figure 2 ).
Uterine Proteins
Dietary treatments did not affect (P > 0.05) total uterine protein concentration (mg/mL) for fluid collected from heritage and commercial breeds. The uterine protein concentration did not change (P > 0.05) with advancing age. However, the total protein concentration in uterine fluid collected from heritage and commercial birds was different (P < 0.05). Both heritage breeds and LB had higher protein concentrations than LL (Figure 3 ). The concentration of protein (mg/ mL) was similar (P > 0.05) in samples collected at all the 3 time points of day representing the stages of eggshell formation.
The SDS-PAGE banding profile of uterine fluid samples resulted from proteins with estimated MW of 200, 150, 116, 96, 80, 66, 55, 52, 45, 42, 36, 32, 28, 25, 21, 17, 15 , 10, and 6.5 kDa (Figures 4, 5, 6 , and 7). Some protein bands showed a decreased intensity with age, whereas others increased as the birds aged (Figure 8 ). The relative intensity for protein bands with MW of 200 (P < 0.0001), 150 (P < 0.001), 116 (P < 0.001), 17 (P < 0.05), 15 (P < 0.01), 10 (P < 0.01), and 6.5 kDa (P < 0.0001) decreased for 59-wk-old birds compared with the samples from 29 wk of age. However, the protein bands with a MW of 80 (P < 0.0001), 55 (P < 0.0001), 52 (P < 0.0001), 45 (P < 0.0001), 42 (P < 0.0001), 28 (P < 0.0001), and 21 kDa (P < 0.01) increased in intensity with bird age for commercial and heritage breeds of chickens.
The relative intensity of few protein bands varied in different breeds. The protein band with a MW of 52 kDa had higher (P < 0.01) intensity for FY compared with LL and LS but was not different from LB ( Figure  9) . A band at 36 kDa was lowest in intensity for LS birds compared with other breeds (P < 0.0001; Figure  10 ).
The effect of dietary manipulation was different for the levels of Ca and vitamin D 3 . A Ca level of 4.10% decreased (P < 0.05) the band intensity for 116, 96, 52, 42, 28, and 17 kDa in uterine fluid collected from young birds compared with other levels. Vitamin D 3 -deficient diets also decreased (P < 0.05) the intensity of 45-kDa protein bands for 59-wk-old birds, which could be vitamin D 3 -dependent proteins (Figure 11 ).
Eggshell Crystalline Structure
The eggshell samples were analyzed using the scanning electron microscope to study morphological characteristics for young birds. The inner surface of the eggshell of young commercial and heritage birds was different for the mammillary caps, in their fusion and their alignment. For LB, caps were deeply etched and had a slightly flattened surface, which was occupied by membrane fibers compared with others. Early fusion of caps found in both heritage breeds was as described by Fathi et al. (2007) for the Egyptian FY breed. Mammillary caps were more ordered in the eggshell of LL and LS, which developed a long continuous groove between the mammillary cones. Type A and type B mammillary bodies were found in the eggshell of both FY and LL, which make no contribution to palisade layer formation. Type A mammillary bodies make slight contact with shell membrane fibers (Bain, 1990; Solomon, 1991) and increase its strength. Type B bodies, due to lack of contact with membrane fibers, deteriorate the shell quality by lowering shell strength (Figure 12 ).
The breed effect was significant on total thickness (µm; P < 0.0001), thickness of mammillary layer (P < 0.001), and palisade layer (P < 0.0001). The total thickness and thickness of palisade layer of eggshell (µm) were significantly higher in commercial Brown and White strains compared with heritage breeds of chickens. The mammillary layer was thinnest (P < 0.05) for LS compared with others breeds. The ratio between mammillary:palisade layers was 1:4.2 in LS compared with FY (1:3.5), LB (1:3.7), and LL (1:3.8). The palisade column diameter was similar in all 4 breeds (Table 3) .
Dietary vitamin D 3 levels affected (P < 0.05) the thickness of eggshell layers. There was an interaction between breed and vitamin D 3 levels for total thickness (P < 0.05) and thickness of the mammillary layer (P < 0.01). Light Sussex birds reacted differently to dietary vitamin D 3 levels than other breeds. Total thickness and thickness of the mammillary layer were greater for eggshells obtained from LS birds fed vitamin D 3 -deficient diets (Figure 13 ). Similar results were found for the effect of vitamin D 3 levels on eggshell thickness in LS birds when measured by a common method using a micrometer. The thickness of the palisade layer was increased for birds fed vitamin D 3 -deficient diets. The palisade column diameter was greater (P < 0.05) for treatments with 4.10% Ca and 200 IU of vitamin D 3 compared with the control (4.10% Ca and 2,500 IU of vitamin D 3 ).
The relationship between ultrastructural measurements and uterine fluid precursor molecules was examined by using the Pearson correlation coefficient. Only 116-kDa protein was negatively correlated with total thickness (r = −0.313, P < 0.01), thickness of the mammillary layer (r = −0.504, P < 0.001), and diameter of palisade columns (r = −0.256, P < 0.05).
DISCUSSION
Eggshell quality traits were variable between commercial and heritage breeds of chicken. Fayoumi had good shell quality characteristics for a noncommercial line of birds. Fathi et al. (2007) reported similar good shell quality characteristics for a FY line they evaluated. The poor eggshell quality of LS eggs provided a treatment group that contrasted the results for the other birds in the study. Lohmann Brown had good eggshell quality traits among the breeds used for this study. In this study, the shell weights of older hens remained relatively stable and there was an increase in overall egg size. This resulted in a lower percentage of shell per egg as the hens aged, which would lead to a re- duction in shell strength. Hocking et al. (2003) worked on commercial and traditional breeds of chicken and explained that commercial lines had weak bones compared with the traditional lines, whereas their eggshell strength was comparable. They suggested that commercial breeds maintained their eggshell quality at the expense of bone strength.
Dietary vitamin D 3 levels affected the shell thickness differently in commercial and heritage breeds. Soares et al. (1995) observed that the diets containing 25-hydroxycholecalciferol up to 412.5 and 825.0 µg of vitamin D 3 /kg in feed decreased egg production, increased feed intake, and reduced shell thickness. In the present study, only the low level used showed an increase in shell thickness in LS, which showed an opposite effect of vitamin D 3 compared with high level used by Soares et al. (1995) . Chennaiah et al. (2004) found that shell thickness was significantly lower in vitamin D 3 -deficient birds from 40 wk of age. The variable response of breeds to vitamin D 3 deficiency could be due to different requirements of breeds according to egg production rate, egg quality traits, and its relation to dietary Ca levels.
Total protein concentration in uterine fluid was not influenced by increasing age, which agrees with Panheleux et al. (2000) as they also estimated the total protein in soluble matrix extracts from 30-and 58-wk-old hens but did not find any difference. The protein concentration did not change during eggshell calcification. Gautron et al. (1997) also found no change in total protein concentration in brown egg laying hens during eggshell formation, but it was high during the initial stage as found in the present study for commercial birds.
Specific uterine fluid proteins proportions changed with the age of the birds. These age-related changes were also observed by Panheleux et al. (2000) in 2 groups of brown egg laying hens of 30 and 58 wk old.
They quantified ovotranferrin, ovalbumin, and ovocleidin-17 proteins in eggshell matrix extracts by competitive indirect ELISA and found higher concentrations of these proteins in eggshell extracts from older birds compared with young hens. Intensity of bands at MW 80 and 45 kDa could be a result of the presence of ovotransferrin and ovalbumin, respectively, which were increased with age, and the 17-kDa band decreased with age. However, they extracted the proteins from the eggshell matrix, which could have a different proportion of proteins compared with uterine fluid. A 200, 150, 116 kDa, which is the core of a 200-kDa shell dermatan sulfate proteoglycan (involved in shell fabrication), shell-specific 17-kDa protein, 15kDa Fernandez et al., 2001; Gautron et al., 2005) , and other low MW proteins that declined with age could be responsible for the deterioration of eggshell quality.
In the present study, few eggshell-specific proteins in uterine fluid were expressed at different levels in commercial and heritage breeds of chickens. These proteins need to be identified to confirm their effect on eggshell quality traits according to their role during calcification. A 52-and 36-kDa protein had different intensity ratios in different breeds. The 52-kDa protein band could be one of the proteins responsible for better eggshell quality in FY and LB as Hernandez-Hernandez et al. (2008) discussed a 52-kDa protein known as clusterin found at the bases of the mammillary cones and palisade, which prevent premature aggregation and precipitation of eggshell matrix components. Gautron et al. (2007) identified a 36-kDa protein as a specificeggshell protein ovocalyxin-36, a promising candidate to control eggshell formation. One reason for poor eggshell quality for LS birds could be due to low proportion of 36 kDa in uterine fluid. Gautron et al. (1997) found some variation from the banding patterns in this study. These differences may be due to differences in uterine fluid collection methods or differences in the diets fed or differences in the birds themselves.
The Ca level (4.10%) produced similar effects for proteins of MW of 116, 96, 52, 42, 28, and 17 kDa. These proteins were low for young birds fed 4.10% Ca diets but were not affected by Ca at 59 wk of age. Low Ca could stimulate the genes coding these proteins and also the production of vitamin D 3 , which could transport these proteins in uterus (Bar, 2008) . However, high Ca could precipitate with phosphate ions in the intestine and reduce absorption (Scott et al., 1982) . This would decrease the plasma Ca level and enhance the synthesis of proteins for the maximum transport of Ca to the developing shell. Ieda et al. (1999) fed 70-wk-old White Leghorn birds low (3.5%) Ca and found decreased concentrations of Ca in plasma stimulates the production of vitamin D 3 and induces mrNA expression for a 28-kDa protein in the intestine. They reported low plasma Ca in the eggshell gland may not influence similar changes. This was reinforced in this study when the 28-kDa band did not change with dietary Ca levels for 59-wk-old birds. Low dietary vita- Ultrastructural studies of eggshell samples collected from different breeds provided some information about the variations in eggshell traits. Many scientists have described that the presence of continuous grooves inbetween mammillary cones encourage the propagation of cracks through the path provided (Bain, 1990; Nascimento et al., 1992; Fathi, 2001; Fathi et al., 2007) . This could be one reason for weaker shells from LL and LS eggs.
The negative correlation between ultrastructural characteristics of eggshell and 116-kDa protein suggested an involvement of this protein for age-related changes in thickness of eggshell layers, especially the effective thickness of the mammillary layer. described that this protein regulates calcite growth during eggshell calcification and is found in the organic matrix of the shell in small vesicles throughout the mineralized palisade layer and Ca reserve assembly of the mammillary layer. This might be the reason for an increase in egg size with age due to loss of control on calcite growth. Because the mammillary layer does not contribute to the stiffness of the eggshell (Bain, 1991; Fathi, 2001 ), a change in its thickness with age would change the ratio of mammillary and palisade layer and compromise shell strength (Bain, 1991; ruiz and Lunam, 2000) . In the present study, the birds were kept for 59 wk of age. Keeping birds beyond this may result in more severe age-related changes to the structure of eggshell. This could provide more information about the reason for increase in egg size with age at the expense of other eggshell quality traits. 
